Skeletal muscle blood flow is heterogeneous in muscle groups and in single muscle in rats [1] and in humans [2] [3] [4] . This heterogeneity may arise from regional differences in capillary density or muscle fiber type [1] . We have previously used positron emission tomography (PET) to visualize regional differences in blood flow in human resting skeletal muscle and have recently reported that blood flow decreases from proximal to distal potions within the quadriceps muscle [4] . We propose that this regional difference in blood flow may result from differences in skeletal muscle fiber type or distance from the heart within the thigh muscles. The purpose of this study was to clarify the reason for these regional differences in blood flow. To address this issue, we used PET to measure muscle blood volume (as an index of vascular distribution) and blood transit time (as an index of blood flow velocity) in human resting muscle.
were performed by using a HEADTOME-V scanner (Shimadzu Co., Kyoto, Japan), which acquires 32 slices at a center-to-center interval of 6.25 mm, with transverse resolution of 4.2 mm at full width of half maximum and axial resolution of 4.5 mm full width of half maximum. Arterial blood was continuously withdrawn at a flow rate of 3 ml min
Ϫ1
, and the radioactivity was measured by using an on-line radioactivity detector system (␤-counter, Shimadzu Co.). Arterial blood was sampled 0, 1, 3, 5, 7, and 8.5 min after gas inhalation, and radioactivity was measured with a well-type ␥-counter (BSS, Shimadzu Co.) to calibrate the count from the ␤-counter. All data were corrected for dead time, decay, dispersion, and photon attenuation before data analysis.
Blood flow. The subjects underwent simultaneously a 4-min continuous inhalation of [
15 O]CO 2 , which contained 1,500 MBq ml Ϫ1 , and an 8-min static PET scan. The blood flow (ml 100 g Ϫ1 min Ϫ1 ) value was calculated by using an autoradiographic method from Eq. 1 as previously described [4] (1)
where C and C a indicate the radioactivity in tissue and arterial plasma, respectively. The parameter f denotes blood flow, and p is the partition coefficient of water in the skeletal muscle, which was considered a constant and was fixed at a value of 0.95 [5] . The calculation for muscle blood flow is based on the radioactive atoms of oxygen transferred from [ , and a 6-min static PET scan was then performed following 2-min of room air inhalation. The blood volume (ml 100 g Ϫ1 ) value was calculated from Eq. 2, as previously described [4] (2)
where A co and C co represent the radioactivity of [
15 O]CO in arterial blood and in tissue, respectively, and R represents the tissue-to-large-vessel hematocrit ratio. The applied value of R was 0.91 [6] . The calculation for muscle blood volume is based on the strong affinity of CO for red blood cells to form carbohemoglobin, which becomes distributed throughout the total volume of blood in the body. Blood transit time. The blood transit time in muscle was calculated by dividing blood volume by blood flow [3] .
Regions of interest. The regions of interest were placed on the quadriceps femoris muscle group of both thighs in five of a total of 32 slices acquired. The slices included the centers of the greater trochanter and knee joint and 31 and 62 mm from these centers in both the proximal and distal directions. The regions of interest were delineated with references to typical magnetic resonance images and to individual images of the transmission scan to avoid large vessels (Fig.  1) . To identify the quadriceps muscle at each portion, we also referenced to the PET images after exhaustive exercise from the same subjects [4] .
Systemic parameters. The heart rate and blood pressure were measured simultaneously with an automatic blood pressure analyzer (EBP300, Minato Medical Science Co., Tokyo, Japan) on the left upper arm before and after the PET scans. The VO 2 -pulmonary value was also measured by using an automatic gas analyzer (MG360, Minato Medical Science Co.) and an automatic respiration monitor (RM300, Minato Medical Science Co.). The average of two measurements was recorded and analyzed.
Statistics. The PET parameters included data from both legs (nϭ10 for each position in five subjects). For each parameter, a nonparametric test for regression, Kendall's robust line-fit method, was performed on the five positions. Kendall's rank correlation coefficient was applied to test for significance. p values Ͻ0.05 were considered statistically significant.
Results
Systemic parameters. Table 1 shows the systemic parameters determined during this study. There was no remarkable difference in systemic parameters Blood volume between subjects.
PET parameters. Figure 1 shows typical PET images of muscle blood volume. Figure 2 summarizes the portion dependency of the hemodynamic parameters. As previously reported by us, blood flow decreased in the direction from the proximal to the distal portions (e.g., from 2.0Ϯ0.5 to 1.4Ϯ0.3 ml 100 g Ϫ1 min Ϫ1 ) [4] . Blood volume was not significantly different between the five portions of muscle ( Fig.  2A) . Consequently, the tendency of blood transit time values to increase from proximal to distal portions was significant (Fig. 2B) .
Discussion
We previously reported that blood flow significantly decreases from the proximal to the distal portions in resting quadriceps muscle (e.g., from 2.0Ϯ0.5 to 1.4Ϯ0.3 ml 100 g Ϫ1 min
Ϫ1
) [4] . We performed the present study to identify the mechanism(s) responsible for this regional variation in blood flow within a resting skeletal muscle.
Blood transient time significantly related to portions of the muscle, increasing in linear fashion from proximal to distal portions (Fig. 2B) . When the lack of difference in arteriole and/or capillary structure of the muscle is considered, this may reflect decreasing blood flow velocity in the muscle as a function of the distance from the heart. Using an ultrasound/Doppler technique to measure blood flow velocity in large vessels of the lower extremity in humans, Holland et al. [7] reported that the velocity in the popliteal artery was lower than that in the femoral artery. Thus the decline in blood flow in a lengthwise direction in the resting quadriceps muscle, which we previously reported [4] , most likely reflects the decline in the blood flow velocity with distance from the heart.
A previous animal study reported a relationship between regional blood flow and the percentage content of slow oxidative (SO)-type fibers in resting muscle [1] . In animal studies, the distal portion of skeletal muscle has a lower percentage of SO-type fibers than the proximal portion [8, 9] . Regional differences in blood flow may reflect regional differences in the number of arterioles and/or capillaries, which may depend on the muscle fiber types [1] . If the muscle fiber type distribution differed in a lengthwise direction, we would expect to find differences in blood volume, which represents arteriole and/or capillary density, among the different portions of muscle. In our current study, however, there was no significant difference in Regional Hemodynamics in Muscle with PET blood volume between different regions of the muscle. One possible explanation is that not all the capillaries are open at rest [10] . An alternative explanation is that humans have fairly mixed fiber types in most muscles [11] . Similarly, PET cannot evaluate blood volume by distinguishing between arterial and venous blood. Therefore venous blood volume affect the values of muscle blood volume in the resting state when most of the blood volume can be in the veins [12] . Thus a difference in blood flow within resting muscle cannot be explained only by regional differences in blood volume.
In our current study, the subjects continued to rest during PET measurement so that the hemodynamic variables remained constant (Table 1) . To minimize any effects of unwanted muscle contraction during PET measurements, the subjects' legs were fixed with a plastic cover. The subjects also rested in a supine position for 30 min before beginning the PET measurements.
In conclusion, we used PET to study hemodynamic variables (blood volume and blood transit time) in the human resting quadriceps femoris muscle. We found a position dependency in the blood transit time in a lengthwise direction, but not in blood volume. The blood transient time significantly related to portions of the muscle, increasing in linear fashion from proximal to distal portions, whereas blood volume remained constant among the portions. We conclude that the blood flow velocity slows from proximal portion to distal portions within a given muscle even though there are no regional changes in blood volume.
